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ABSTRACT

As technology and engineering allow mankind to survey nature at finer scales, the
importance of bacteria has been elucidated in their metabolic diversity, ability to transfer
genetic information, involvement in biogeochemical cycling, and sheer abundance. With
an individual domain of life unto themselves, this diverse group of microorganisms plays
an integral role in facilitating life on land and in the oceans, and is second only to viruses
in abundance on Earth. They carve niches in a wide range of environments, including
those inhospitable to other life forms, and reside in concert or to the detriment of other
microbes and/or hosts they inhabit. Solely culturing microorganisms has proven to
severely underestimate microbial numbers, capturing less than 1% of marine microbes.
However, the advent of molecular methods has revealed the ubiquity, abundance, and
diversity of bacteria. Higher organisms have evolved varying degrees of ecological
relationships with bacteria, ranging from mutualism to parasitism. As the microbial
players are elucidated, determining the specificity and functional roles of these bacteria is
a critical and exciting scientific question. The microbiome of corals is an interesting
model of complexity, with the animal host striving to maintain a delicate symbiosis, and
using its microbiota to assist in nutrient cycling and protection. A contrasting example to
the well-studied cnidarians are ctenophores, gelatinous organisms that are globally
distributed in the world‟s oceans, yet the literature contains few studies on microbiota
associated with this unique group of animals. Since ctenophores are one of the earliest
diverging, extant multicellular animals, these unique organisms could prove to be a better
model system than cnidarians.
vi

The first project in this dissertation examined spatial structure of bacteria across
wild, healthy colonies of the coral Montastraea annularis. Microscale heterogeneity of
the bacterial community was observed in coral mucus samples collected tens of
centimeters apart on the same coral colony, which has implications for sampling
strategies in microbiological studies, and impacts the application of the bacterial
community as a proxy for determining coral condition in coral restoration projects. The
second project looked at the linkages between coral bacterial community composition
and zooxanthellae clade in Pocillopora damicornis, and results suggested that clade is not
a major factor in influencing coral bacterial community composition. Sample location
was also considered in the P. damicornis bacterial surveys and determined to be driving
community structure. The third project is the first study to describe bacteria associated
with ctenophores (Mnemiopsis leidyi and Beroe ovata). The ctenophores contained
bacterial communities that were distinct from the surrounding water column, and
temporal variability was exhibited by bacteria associated with the ctenophores. Exploring
microbial landscapes in cnidarians and ctenophores to understand microbial roles in
health and disease is the uniting theme of the three separate projects that will be
discussed in this dissertation.

vii

CHAPTER 1: INTRODUCTION
Bacteria are ubiquitously found throughout the world‟s oceans at concentrations of 106
ml-1 of seawater (Hobbie et al., 1977), and are second in abundance on Earth only to
viruses (Bergh et al., 1989, Whitman et al., 1998, Breitbart & Rohwer, 2005). The
involvement of these single-celled organisms in the microbial loop, which is vital to
primary production at the sea surface and the export of carbon to the ocean‟s interior,
serves as the base of the marine food web and is integral to biogeochemical cycling
(Azam et al., 1983). Prior to the late 1980s, microbes were studied primarily through
culture-based techniques, however microscopic and viable counts of marine bacteria
revealed the “great plate count anomaly” observed by Staley and Konopka (1985), who
discovered methodological limitations that resulted in a majority of microorganisms
(>99%) being missed in environmental samples. Shortly after recognition of this
conundrum, access to the “unseen majority” (Whitman et al., 1998) was realized through
the development of molecular techniques and DNA sequencing to characterize the
identity and function of uncultured microorganisms (Amann et al., 1995). Through both
culture-based and molecular approaches, a wide variety of genotypic and metabolic
diversity has been described in marine bacteria (Chisholm et al., 1988, Kiene, 1990,
Fuhrman et al., 1993, Karl et al., 1997, Beja et al., 2002, Giovannoni et al., 2002, Venter
et al., 2004, Huber et al., 2007). Studies of associations have uncovered unique hostbacterial systems in marine invertebrates. This dissertation will cover three separate
projects united under the theme of bacterial landscapes of marine invertebrates, and will
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focus on spatial variation (Chapter 2) and factors (Chapter 3) impacting bacterial
communities on sessile corals, and the characterization and temporal variation of
bacteria associated with the less studied, pelagic ctenophores (Chapter 4).
Bacteria compose up to 40% of the weight of marine invertebrates (Schmidt,
2005), which harness the unique metabolic machinery of their prokaryotic associates to
exploit nutrients that would otherwise be unavailable, carve niches to reduce competition,
and assist in a variety of biological roles ranging from protection against predation to
mate attraction. These bacteria can be localized on the host‟s surface, or found intra- or
extracellularly. Various types of ecological relationships manifest to serve one or more
parties, and in exchange, the bacteria are not recognized as foreign by the host. My focus
for this first chapter is on mutualism, a partnership of two or more organisms where all
parties benefit from their association with one another. Symbiosis is an extension of this
definition and implies a long-term interaction. Examples of these associations have made
it possible for marine invertebrates to endure in rather hostile and oligotrophic conditions.
Chemosynthetic symbioses are described in hydrothermal vent and cold seep
communities, where sulfur oxidation is a major metabolic pathway that sustains life for
various worms and bivalves (Cavanaugh et al., 1981, Cavanaugh et al., 2006, Grzymski
et al., 2008, Robidart et al., 2008). The winnowing process to select for a single bacterial
species, Vibrio fischeri, by the bobtail squid (Euprymna scolopes) is an example of
environmental harvesting to take advantage of this bacteria‟s bioluminescent capability
for predator avoidance (Nyholm & McFall-Ngai, 2004). Marine invertebrate symbioses
like the Bugula neritina-Endobugula sertula system have previously been studied and
targeted for the bacteria‟s ability to produce compounds (bryostatins) important for the
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bryozoan‟s larval defense and biotechnological/medical applications (Hildebrand et al.,
2004, Taylor et al., 2007). This dissertation focuses on describing the bacterial
communities associated with corals and ctenophores. Bacterial associates of corals have
been the topic of extensive study (Ducklow & Mitchell, 1979, Ritchie et al., 1994,
Shashar et al., 1994, Ritchie & Smith, 1997, Rohwer et al., 2001, Frias-Lopez et al.,
2002, Rohwer et al., 2002, Casas et al., 2004), which my work expands upon by
examining the spatial heterogeneity of the bacterial communities (Chapter 2) and the
factors that impact the composition of these bacterial communities (Chapter 3). In
contrast to the well-described coral microbiota, no previous studies have looked at the
bacterial associates of ctenophores, and my research in Chapter 4 provides the first
documentation of ctenophore-associated bacterial communities. Chapters 2-4 are written
for journal submission, one of which is already published, and therefore may contain
some concepts and key points already addressed in this introduction.

Chapter 2: Spatial variation of coral bacteria and implications for coral restoration
Corals have primarily been investigated for their ecological importance. Often
compared to terrestrial rain forests, corals provide reef structure that is host to high levels
of diversity (one to nine million species) (Knowlton, 2008). Reefs are a product of
carbonate accretion by corals, and these ecosystems support an economy of
approximately $375 billion annually (Costanza et al., 1998). Multiple factors (global
climate change, eutrophication, overfishing, deforestation, etc.) have reshaped coral
assemblages with dire ecological consequences (Bryant et al., 1998, Hughes et al., 2003)
and predictions of multiple scenarios: reduction of diversity, movement toward temperate
regions, and/or complete extinction of some species all together (Malakoff, 1997,
3

Pandolfi et al., 2003, Hoegh-Guldberg et al., 2007, Yamano et al., 2011). In order to
understand these shifts, baseline studies on healthy organisms are necessary to protect
thriving populations, determine impact, mitigate problems, and restore impacted reefs.
The first project in this dissertation will establish the extent of spatial community
structure in healthy, wild scleractinian corals and its implications on coral restoration and
microbiological analyses.
Scleractinian corals are complex holobionts composed of organisms from all three
domains of life: the coral host, photosynthetic dinoflagellates (Symbiodinium), and
microbial consortia (bacteria, viruses, fungi, archaea, protists) (Rohwer et al., 2001,
Wegley et al., 2007). As early as the 1970‟s, Ducklow and Mitchell (1979) reported
higher counts of bacteria in corals than in seawater. Subsequently, measurements of
thymidine incorporation indicated higher levels of microbial activity within a coral‟s
mucus layer (Paul et al., 1986), and epifluorescence counts of >107 bacterial cells m-2
were found on the coral surface (Wegley et al., 2004). Coral-associated bacteria were
established as distinct from their water column counterparts (Rohwer et al., 2001), and
species-specific microbial associations have been noted in corals (Ritchie & Smith, 1997,
Rohwer et al., 2002). Functional roles of coral-associated bacteria in nitrogen and carbon
cycling were uncovered through culture-based methods (Shashar et al., 1994, Ritchie &
Smith, 1995, Ritchie & Smith, 1997), while a metagenomic survey and specific assays in
multiple coral species confirmed bacterial genes capable of metabolizing sulfur
compounds produced by Symbiodinium (Wegley et al., 2007, Raina et al., 2009, Bourne
et al., 2010). Coral mucus bacteria also utilize chemical warfare (antibiotics) to inhibit
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pathogenic invasion of host tissues (Ritchie, 2006, Nissimov et al., 2009, Rypien et al.,
2010).
Previous studies examining the spatial structure of bacterial communities in
various coral species have focused on ecosystem scales. Coral colonies of the same
species located kilometers apart contain similar bacterial communities, while two
different species located in close proximity to each other had different bacterial
signatures (Rohwer et al., 2002). Other molecular studies have also observed intercolony
variation in bacterial species (Bourne & Munn, 2005, Guppy & Bythell, 2006). Rohwer
et al (2002) found different bacterial taxa at the tip of Porites furcata branches than those
found at the base, and suggested that microscale variation might occur within a single
coral branch. This chapter establishes the extent of spatial variability in boulder corals in
the Florida Keys. The interest and focus of this chapter is on the mucus layer from
healthy corals, where bacterial communities serve as a proxy for understanding condition,
since their microbiota change on short time scales before visual symptoms of stress
present (Bourne & Munn, 2005). Shifts in coral mucus bacteria have been reported in situ
and in laboratory settings due to impacts by changes in environmental conditions (Ritchie
& Smith, 2004, Bourne & Munn, 2005, Ritchie, 2006, Kooperman et al., 2007).
Knowledge of the spatial variation of the bacterial community in corals is of great
importance for coral restoration. Coral restoration, which consists of fragmentation of
coral colonies in aquaculture and transplantation, is a method used by resource managers
to restore impacted reef habitat. Whole (or “parent”) colonies are fragmented in
aquaculture and fragments that pass a health certification (i.e., showing no visual signs of
disease) are selected for transplantation in situ (Berzins et al., 2008). Ideally, the
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microbial communities should be included as part of this health certification, since
pathogens can exist prior to the coral displaying visual signs of disease. However, a lack
of detailed information about the spatial variability of bacterial communities on healthy
corals prohibits inclusion of microbiological analyses in the health certification process.
Obtaining baseline information about spatial community structure would address
concerns regarding potential disease introduction into the wild and help to identify the
best coral candidates for transplantation. First, the notion that the bacterial community is
uniform across a coral colony‟s mucus layer must be addressed. This chapter strives to
answer the question: “Are bacterial communities found in mucus at various locations
across a single coral colony created equal?” by elucidating the spatial variation of
bacterial communities (at centimeter scales), prior to fragmentation across, wild, healthy
Montastraea annularis parent colonies at Looe Key, Florida. This spatial survey is also
important for understanding coral microbiology, since a single point sample is typically
taken for analyses with the assumption that it represents the entire coral colony.

Chapter 3: Relationship of bacterial community structure and zooxanthellae clade
The second project in this dissertation focuses on whether a coral‟s dinoflagellate
symbiont clade and geographic location might be factors in structuring the community of
mucus-associated bacteria. Zooxanthellae are unicellular dinoflagellates, studied as the
primary symbiont in corals, and are either vertically transmitted or acquired from the
environment (Trench, 1987, Stat et al., 2008). They inhabit the tissues of most tropical,
shallow-water corals and provide fixed carbon (photosynthate) to corals (Trench, 1993),
in exchange for nutrients (CO2 and NH4+) and protection in the coral tissues (Baker,
2003, Yellowlees et al., 2008). Symbiodinium was discovered as the zooxanthellae
6

endosymbiont in multiple coral species and other marine invertebrates (Rowan & Powers,
1991, Trench, 1993). Taxonomic classification of this genus has been established using a
number of genetic markers (nuclear rRNA and chloroplast DNA) to categorize
Symbiodinium into nine subgenera or clades (LaJeunesse, 2002, Pochon & Gates, 2010),
and corals are flexible in hosting different clades in both the Atlantic and Pacific Oceans
(Baker, 2003, Baker & Romanski, 2007, LaJeunesse et al., 2008).
Pocillopora damicornis is a coral widely dispersed throughout the Pacific,
capable of various reproductive modes, and is known to host three different
Symbiodinium clades (A, C, and D). Differential bleaching responses in corals to
stressors (Rowan et al., 1997, Glynn et al., 2001, LaJeunesse et al., 2010) has been
attributed to this clade variation (within and among species), where bleaching resistance
is conferred through the presence of a heat-tolerant symbiont (Baker et al., 2004, Rowan,
2004), or acquisition of a more resilient symbiont (Berkelmans & van Oppen, 2006). In
addition, Little et al. (2004) reported that healthy corals hosting clade D had slower
growth rates than those that contained clade C, and suggested that presence of a specific
clade could also affect host physiology in healthy corals. Although Symbiodinium
provides much of the carbon necessary for a coral to generate mucus for bacterial
colonization (Muscatine & Cernichiari, 1969, Brown & Bythell, 2005), little attention has
been given to explore if there is a correlation between zooxanthellae clade type and
bacterial community composition in healthy corals.
Littman et al. (2009) observed unstable bacterial communities associated with
acroporid juveniles that were experimentally infected with specific Symbiodinium clades
(C or D), while adult corals maintained a stable bacterial association. Higher abundances
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of Vibrio spp. in the summer were observed in juvenile corals containing clade D, which
concurs with research on adult corals regarding Vibrio dominance of the mucus bacterial
community during periods of high water temperatures (Ritchie & Smith, 2004, Bourne &
Munn, 2005, Ritchie, 2006, Bourne et al., 2008). The Littman et al. (2009) study is the
first report to link zooxanthellae clade with bacterial community composition, however
no study has mutually examined these two integral components in unstressed, wild adult
corals. Other factors, like the impact of depth on Symbiodinium (Toller et al., 2001) and
site specificity on coral bacteria structure (Kvennefors et al., 2010), have been addressed
independently. The establishment of the coral holobiont concept, which considers all
members in this complex symbiosis, has underscored the need to understand connectivity
within this symbiosis. This chapter describes direct comparisons of zooxanthellae and
bacterial composition in healthy adult Pocillopora damicornis and analyzes samples from
four locations spanning the Pacific Ocean (Panama, Hawaii, Australia, and Kenya) to
determine if biogeography may be a factor in P. damicornis bacterial community
structure.

Chapter 4: Bacterial associates of ctenophores
In contrast to the sessile corals, the third and final project investigates ctenophores
to ascertain if these (mostly) pelagic animals contain bacterial associates. Phylum
Ctenophora contains 100-150 species of gelatinous zooplankton ubiquitously distributed
throughout the world‟s oceans (Mills & Haddock, 2007). These unique multi-cellular
organisms are composed of >95% water (Bailey et al., 1995, Scolardi et al., 2006) and
are one of the oldest, living multi-cellular animals (Stanley & Sturmer, 1983, Dunn et al.,
2008). Ctenophores are essentially swimming mouths that are composed of two to three
8

cell layers, a nerve net, and tentacles, yet they lack cnidocytes found in cnidarians
(Hinde, 1988). As the name “ctenophore” implies, most propel themselves slowly
through the water column (1-2cm s-1) (Kreps et al., 1997) using ctenes, fused cilia
attached to plates that make up eight comb rows, which run along the length of their
bodies. Most ctenophores are simultaneous hermaphrodites that undergo direct
development into cydippid larvae (except Order Beroida) with tentacles for feeding, and
then transform into adults. Their diet varies across developmental stages, ranging from
protists and copepods to fish eggs/larvae, and ctenophores are noted as generalists
(Rapoza et al., 2005). Distribution and abundance of ctenophores is linked to temperature
and food, hence occurrences tend to be sporadic and affected by local conditions
(Kremer, 1994).
Mnemiopsis leidyi is of particular interest, because it is a ctenophore with a wide
temperature (2 – 32 °C) and salinity range (2 – 38 ppt) (Purcell et al., 2001), that has
been implicated in detrimental ecosystem reorganization (Kideys, 2002). Mnemiopsis
leidyi is an invasive species (Ivanov et al., 2000, Purcell et al., 2001) that produced
densities of up to 100 specimens m2 in the Black Sea (Ivanov et al., 2000), and
contributed to the crash of multiple commercial fisheries (Shiganova et al., 2001, Oguz et
al., 2008). Beroe ovata, a ctenophore from the Order Beroida, was discovered to
preferentially feed on M. leidyi, which resulted in exploitation of this predator-prey
relationship as a biocontrol effort to reduce M. leidyi numbers (Finenko et al., 2003). The
Black Sea invasion by M. leidyi in the late 1980s and 1990s (Purcell et al., 2001) is a
prime example of how anthropogenic practices (i.e., synergy of eutrophication and
overfishing) and an ecological „perfect storm‟ (local conditions and lack of top-down
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control) can unexpectedly select for the dominance of ctenophores (Oguz et al., 2008).
Rampant eutrophication continues to occur in coastal ecosystems (Diaz & Rosenberg,
2008), and future predictions suggest shifts from fish-dominated systems to gelatinous
taxa in the oceans (Purcell et al., 2007, Richardson et al., 2009).
The changes in water quality during eutrophication, where microbes use and
reduce the available oxygen in the water column to decompose organic matter, makes the
environment inhospitable for fish and other larger predators. Conversely, ctenophores can
survive under hypoxic conditions (Seibel & Drazen, 2007), enabling them to outcompete
fish. In addition, ctenophores can impact nutrient cycling through the production of
dissolved organic matter (DOM). Condon et al. (2011) found that the jelly-like DOM
produced by ctenophores was readily available for heterotrophic bacteria to promote the
microbial loop, instead of being incorporated into biomass for carbon transfer up the food
chain. Furthermore, upon addition of the jelly DOM to the water column, the bacterial
community shifted from Alphaproteobacteria to Gammaproteobacteria. These findings
directly demonstrate the ability of ctenophores to affect carbon cycling and the structure
of water-column bacterial communities.
A second connection of jellies to microbes is as a potential vector for pathogens
that can be transferred to other organisms. Tenacibaculum maritimum, a bacterium
isolated from various species of jellyfish, was implicated in the gill disease of Salmo
salar (farmed salmon) and mortality of commercially important fish (Ferguson et al.,
2010, Mitchell & Rodger, 2011). If ctenophores are able to impact the microbial food
web and presumably carry potential pathogens, one must question if ctenophores contain
their own microbiota. Associations of ctenophores with smaller eukaryotes have been
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reported, ranging from commensalism (i.e., refuge) in some (Gasca et al., 2007) to
parasitism in others (Moss et al., 2001, Hay, 2006, Reitzel et al., 2007, Smith et al.,
2007). Reliance on microbes in other lower marine invertebrates is evident in sponges
and corals, both of which are sessile, where these invertebrates are laden with their own
microbial consortia to tightly cycle nutrients under oligotrophic conditions. As pelagic
animals, ctenophores have yielded most of their “bodies” to water weight, and it is
unknown if they contain microbial associates. This chapter applies molecular methods to
determine if the bacterial communities associated with Mnemiopsis leidyi and Beroe
ovata are distinct from those in the water column, and to observe changes in bacterial
community structure over time.
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CHAPTER 2: SPATIAL VARIABILITY OF CORAL BACTERIA AND
IMPLICATIONS FOR CORAL RESTORATION

Refer to Appendix A for the Marine Ecology Progress Series journal article entitled,
“Spatial heterogeneity of bacterial communities in the mucus of Monstastraea
annularis”.
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CHAPTER 3: RELATIONSHIP OF ZOOXANTHELLAE CLADE AND
BACTERIAL COMMUNITY
INTRODUCTION
An important component of the coral holobiont is the symbiotic bacterial
consortium that inhabits a coral‟s mucus layer, where the community cycles nutrients and
provides protection by chemical defense (Brown & Bythell, 2005, Ritchie, 2006). Coralassociated bacteria are known to be species-specific (Ritchie & Smith, 1997, Rohwer et
al., 2002), where two specimens of the same species (kilometers apart) can have similar
types of bacteria while two proximal colonies of different species have vastly different
bacterial communities. Microscale variation has also been observed in healthy samples
taken centimeters apart within the same coral colony (Guppy & Bythell, 2006, Daniels et
al., 2011), and these bacterial communities can exhibit differences across time (Koren &
Rosenberg, 2006, Ritchie, 2006). Recent work suggests that some species of healthy
corals have bacterial community signatures that correlate with geographic location
(Littman et al., 2009, Kvennefors et al., 2010).
Another factor that could impact a coral‟s bacterial community is the major
symbiont in the coral holobiont, its zooxanthellae (Symbiodinum). Zooxanthellae provide
most of the carbon (> 95%) needed for the holobiont (Muscatine & Cernichiari, 1969).
Many coral species are capable of hosting different Symbiodinium clades (Baker &
Romanski, 2007), which can vary across the surface of a single colony (Kemp et al.,
2008), and clades A, C, and D have been reported in association with P.damicornis
13

(Magalon et al., 2007, LaJeunesse et al., 2008). Zooxanthellae involvement in host
physiology has been investigated in branching Acropora sp. and revealed that corals
containing clade C1 maintain a faster growth rate (2-3 times) than corals containing clade
D (Little et al., 2004). Bleaching events following incidences of high sea surface
temperature and UV radiation can also shift the distribution of Symbiodinium clades.
Clade D has been shown to become dominant post-bleaching, and is thought to be
thermotolerant (Toller et al., 2001, Baker et al., 2004, Berkelmans & van Oppen, 2006).
Although a number of previous studies have focused on coral-bacterial
interactions and coral-zooxanthellae interactions, there is a paucity of research examining
linkages between zooxanthellae clades and bacterial community structure. To date, the
only study to jointly examine zooxanthellae and bacteria showed that juvenile Acropora
millepora and Acropora tenuis experimentally infected with either clade C1 or D had
highly variable bacterial communities, compared to those in adults, which indicated less
conservation of bacterial community structure during early development (Littman et al.,
2009). Furthermore, clade D juveniles sampled during summer contained a bacterial
community dominated by Vibrios. This evidence connects zooxanthellae clade in juvenile
corals with susceptibility to temperature stress and shifts in microbial community
structure. Although early developmental stages of acroporid corals were the focus of this
single study, the investigation of relationships between these integral symbionts and the
holobiont‟s bacterial composition has yet to be thoroughly addressed in adult corals.
Pocillopora damicornis is a major reef-building coral species with a wide
geographic distribution that spans the Pacific and Indian Oceans. Population structures
vary greatly among regions, and are attributed to the mixture of reproductive modes,
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disturbances, and environmental factors (Glynn et al., 2001, Miller & Ayre, 2004,
Sherman et al., 2006). This coral can reproduce asexually by either fragmentation or
release of mature planula larvae containing enough lipid reserves for 100 days, which
promotes survivability during long distance dispersals (Richmond, 1987). In the Eastern
Pacific, P. damicornis prefers asexual fragmentation or broadcast spawning, while the
rest of the Indo-Pacific populations brood larvae asexually (Combosch & Vollmer, 2011).
Populations of P. damicornis in the Eastern Tropical Pacific are geographically
isolated from the rest of the Indo-Pacific. Taboga reef is positioned in the western portion
of the Gulf of Panama, while Saboga is due southeast. Each site is exposed to seasonal
upwelling and cooler temperatures (15°C) that are not characteristic of the other
locations examined in this study (LaJeunesse et al., 2008, Combosch & Vollmer, 2011).
Moving westward across the Pacific to Hawaii, Kanehoe Bay (patch reef) is a semienclosed bay off the northeast coast of Oahu. This ecosystem contains lagoonal and
fringing areas (inner reef), as well as a barrier reef (outer reef), which can be impacted by
either ocean or estuarine influences (Hunter & Evans, 1995). The second reef site in
Hawaii, located 50 km south of Kaneohe Bay, is Magic Island, a manmade lagoonal area
on the southeast coast of Oahu. Magic Island is flanked by the urban center of Waikiki in
Honolulu and heavily impacted by tourism and a number of anthropogenic factors.
Approximately 15 km off Queensland, Australia, the Lizard Island fringing reef
system lies in the northern portion of the Great Barrier Reef (GBR). Samples were
collected from three reefs areas: 1) off the southern coast of Lizard Island around Blue
Lagoon, where lagoonal waters of the GBR flow across the corals and expose them to
higher nutrient concentrations that exceed the characteristic, oligotrophic conditions
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typically found in open ocean environments (Crossland & Barnes, 1983), 2) Mermaid
Cove, in the northwestern corner of Lizard Island, is a fringing reef where oceanic
influence predominates and 3) Watson‟s Bay, a reef proximal to a popular tourism area in
the western side of Lizard Island. Finally, three African reef sites are located off Kenya‟s
southern coast in the far western section of the Indian Ocean. Vipingo, Kanamai, and
Diani are located within 50 km of one another, and are described as back reef lagoonal
environments that are often cut off from the open ocean due to extreme tidal ranges
(McClanahan & Maina, 2003). Vipingo and Kanamai reef areas lie 20-30 km north of the
city of Mombasa, while Dinai reef is noted as a popular tourism site that is south of
Mombasa. These sites are exposed to higher temperatures (mean temps of 30°C,
maximum temps up to 35°C) than open ocean areas, lie outside of marine protected
areas, and experience intermediate to heavy fishing pressure (McClanahan & Muthiga,
1988, Mcclanahan, 1994, McClanahan & Maina, 2003).
This study will apply molecular profiling to determine if 1) there is a relationship
between bacterial community structure and the Symbiodinium clade harbored by adult
Pocillopora damicornis, and also 2) whether biogeography is a factor in bacterial
community composition.
MATERIALS & METHODS
Sample collection. Healthy Pocillopora damicornis samples were collected at four
different locations (Table 1, Figure 1) across the Pacific and Indian Oceans. Nubbins
were clipped from P. damicornis stands with surgical bone cutters, and rinsed with sterile
seawater upon reaching the surface. Tissue and mucus were airbrushed away from the
carbonate skeleton for each sample and temporarily preserved either in ethanol or
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DSMO-NaCl buffer, prior to being transferred to sodium dodecyl (SDS) for long term
storage at -80°C.
DNA extractions. Pocillopora damicornis tissue slurry samples archived in SDS were
extracted with a DNeasy Tissue kit (Qiagen, Valencia, CA), with the following
modifications to manufacturer‟s instructions. An additional 1 min spin was built in to
remove residual ethanol in the final wash step, and DNA was eluted with 50 µl of PCR
grade sterile water. Samples were subsequently lyophilized and shipped to the Breitbart
Lab for bacterial community profiling.
DNA for the zooxanthellae analysis was extracted from the same P. damicornis
SDS-archived samples mentioned above following a modified phenol-chloroform
protocol that uses an E. coli tRNA carrier to increase DNA yields (Rowan & Powers,
1991).While the same samples were used for the bacterial profiling and zooxanthellae
typing, the primary reason for separate DNA extractions is because the organic extraction
method used for the Symbiodinium qPCR assay contains a synthetic E. coli tRNA carrier
that enhances the quality of the DNA recovered, but since it is bacterial in origin, will
contaminate the ARISA results. However, the Qiagen method used for the bacterial
community analyses did not produce reliable qPCR results for zooxanthellae, when
samples were extracted in this manner (R. Cunning, personal communication).
Bacterial Community Profiling (ARISA). Automated Ribosomal Intergenic Spacer
Analysis (ARISA: Fisher & Triplett, 1999) is a reproducible DNA fingerprinting
technique capable of resolving community structure, and amenable to high throughput
sample processing. This PCR-based approach amplifies the internal transcribed spacer
(ITS) region between 16S and 23S ribosomal genes, which varies in length among
bacteria. Community profiles are generated, which can then be compared among samples,
as has been performed in a number of organisms and environments (Ranjard et al., 2001,
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Yannarell et al., 2003, Danovaro et al., 2006, Leuko et al., 2007, Cherif et al., 2008,
Daniels et al., 2011). Lyophilized P. damicornis DNA samples were reconstituted with
50 µl PCR grade sterile water, and vortexed briefly to homogenize each DNA
sample. Fifty μl PCR mixtures contained 5 μl of DNA template, 10 μM universal
bacterial primers 16S-1392F (5‟-GYA CAC ACC GCC CGT-3‟) and fluorescently
labeled 23S-125R-HEX (5‟-HEX-GGGTTBCCCCAT TCRG-3‟), 100 μg ml–1 BSA
(ThermoFisher, Waltham, MA), 0.2 mM dNTPs, 1× Apex Red Taq buffer, 1U Apex Red
Taq DNA Polymerase (Genesee, San Diego, CA), and followed a modified protocol of
Danovaro et al. (2006). Each sample was run in triplicate, and cycling conditions
consisted of denaturation at 94°C, followed by 30 cycles of [94°C for 1 min, 55°C for 1
min, and 72°C for 2 min], and a final extension of 10 min at 72°C. Each ARISA PCR
reaction was cleaned using the Zymo DNA Clean and Concentrator Kit (Zymo
Research, Irvine, CA ) and quantified using the Quant-IT Pico Green Assay Kit
(Invitrogen, Carlsbad, CA). Purified samples were diluted to 5 ng µl-1 and sent to
University of Illinois Urbana-Champaign for capillary electrophoresis runs on an ABI
Prism 3730xl Genetic Analyzer (Applied BioSystems, Foster City, CA). Sample loading
along with ROX1000 size standard and capillary conditions follow those described by
Daniels et al. (2011), and detector error (+/- 1bp) was determined by control runs where
profiles from single bacterial cultures and complex communities were analyzed.
ARISA profile analysis. A series of data filtering and standardization steps are necessary
to ensure that observed trends are due to ecological variation and not methodological
error (Hewson & Fuhrman, 2006). ARISA profile data are inherently multivariate, where
both the size and relative fluorescence (i.e., abundance) of each peak (i.e., operational
taxonomic unit (OTU) are produced for a given sample. The Local Southern algorithm
(Southern, 1979), which determines peak size based on two standard peaks above and
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below an unknown peak, was applied using PeakScanner v.1 (Applied Biosystems)
software to size OTUs in the ARISA profiles. Profile data were further filtered by only
considering OTUs present in 2 of 3 replicate profiles for each sample, and removal of
shoulder peaks and peaks less than 5 times the baseline signal (Fisher & Triplett, 1999,
Danovaro et al., 2006, Luna et al., 2006). Using an R script developed for community
profiling analysis (Ramette, 2009), 2 bp binning was applied across all ARISA data to
account for the detector error determined during control runs (Hewson & Fuhrman, 2006,
Daniels et al., 2011). Composite ARISA profiles were generated by averaging the area
under each peak across the triplicate profiles, normalizing to percent of total profile
fluorescence, and removing peaks less than 0.09% of the total fluorescence (Hewson &
Fuhrman, 2004, Hewson & Fuhrman, 2006).
Statistical analyses were performed in PRIMER (Clarke, 1993) and MatLab v7.8
(MathWorks, Natick, MA). Square root transformation of binned composite profiles
preceded pairwise comparisons of Bray Curtis dissimilarity values (Bray & Curtis, 1957),
which consider OTU abundance and composition. An analysis of similarity (ANOSIM)
compared ranks of Bray Curtis values to understand similarity among groups. R values
approaching zero indicate high overlap of OTUs between samples, while values
approaching one suggest little to no overlap in the communities being analyzed. Since
ANOSIM is prone to Type I errors, PERMANOVA (Anderson, 2001) was also
performed by comparing means of the Bray Curtis distances (among vs within groups) to
produce an F statistic via random permutation. Finally, a dispersion analysis (NP-DISP)
was conducted to determine if the data (Anderson, 2006) were homogenously dispersed.
Statistical tests were run five thousand times and a confidence value of < 0.05 was
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considered significant. The SIMPER module in PRIMER was applied to determine which
OTUs were primarily responsible for driving variation in the profiling data.
DGGE and Real Time PCR (qPCR) targeting Symbiodinium. The zooxanthellae clade
in P. damicornis samples characterized with ARISA was originally determined using
denaturing gradient gel electrophoresis (DGGE) (Muyzer et al., 1993), in order to target
the ITS2 region between the 28S and 5.8S rRNA subunits of Symbiodinium. However, it
is reported that this methodological approach does not capture low abundance clades, and
can miss taxa below 5-10% abundance (Fabricius et al., 2004, Thornhill et al., 2006,
LaJeunesse et al., 2008). These tentative clade assignments were therefore followed up
with a quantitative PCR assay (Cunning & Baker, 2011) to determine the presence of
clade D and/or C (typically found in P. damicornis), and the number of gene copies for
each clade was determined by measuring the relative fluorescence using labeled probes.
Clade-specific primers were designed to target the actin gene, which provides better
resolution of the zooxanthellae clades present, and is a low copy gene that can be
easily compared to other metazoan actin genes. Clade assignments were based on the
following data: individual symbiont to host cell ratio, clade D to clade C ratio, and the
natural log of the total symbiont to host cell ratio. A clade D to C ratio that approaches
zero indicates a sample is clade C dominated, while a ratio that approaches one reflects
dominance by clade D. The average D/C ratio is reported for samples at each location in
Table 1. Two samples contained equal ratios of both clades and were not included in the
analysis.

RESULTS
Comparison of bacterial community composition in P. damicornis collected from
different locations. ARISA profile data indicates that the bacterial community of P.
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damicornis samples clustered by their respective geographic locations (Fig. 2A,
ANOSIM R = 0.78 , p = 0.001; PERMANOVA F= 4.62, p= 0.0002). Average Bray
Curtis dissimilarity (84-89%) was determined for comparisons among locations, and
ARISA profiles produced an average of 30 OTUs (Kenya, Australia, Hawaii, Panama).
No single OTU was detected across all samples at all locations, however location-specific
OTUs were responsible for driving inter-location bacterial community differences. P405,
P473 were exclusively found at the Panama location and detected in 67% and 85% of
samples, respectively. SIMPER analyses show that dominant OTUs were responsible for
driving differences, where the three most abundant OTUs contributed 22% (Panama),
40% (Hawaii), 44% (Australia), 38% (Kenya) of the variation observed at each location.
Comparison of bacterial community composition in P. damicornis collected from
different reef sites within each location. Consistent with the comparisons among
locations, ARISA bacterial community profiles among reef sites were significantly
different from each other (ANOSIM R = 0.76, p = 0.0002; PERMANOVA F = 3.69, p =
0.0002). Bray Curtis dissimilarity values averaged 49%-91% from comparisons between
reef sites, and SIMPER analyses indicate 22% - 56% of variation is also driven by the
three most abundant ARISA OTUs for each reef site. Fig 2A illustrates grouping of
ARISA profiles by reef site, especially for the two reefs sites within the Panama location.
Comparison of bacterial community composition in P. damicornis by Symbiodinium
clade type. Table 1 reveals that only one location, Panama, contained samples that
were either dominated by clade C or D. All other locations were dominated by a single
Symbiodinum clade. ARISA bacterial community profiles analyzed from all locations
did not group by zooxanthellae clade (ANOSIM R =0.11, p = 0.002; PERMANOVA F =
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1.78, p= 0.05). Fig. 2B did not show distinct patterns of clustering for the P. damicornis
ARISA profiles by clade type. The average dissimilarity (63%) among clade type was
>20% lower than Bray Curtis values observed for comparisons between location or reef
site. Since the Panama location contained representatives from both clades, data from that
location were also analyzed separately, and clade was not a major factor that could
explain the bacterial community structure observed (Fig. 2C, ANOSIM R=0.07, p =
0.05; PERMANOVA F = 1.77, p = 0.04).
Bleaching year vs non-bleaching year comparisons of bacteria community
composition. ARISA profiles were also run on a subset of samples from Kenya, which
were collected during an intense bleaching year (May 1997 and August 1997). On
average, bacterial communities in these samples contained double the number of bacterial
OTUs than samples collected during a non-bleaching year (Mar 2000). Additionally,
Figure 3 demonstrates that Bray Curtis comparisons between samples from bleaching
and non-bleaching years resulted in significant differences among bacterial profiles
(ANOSIM R = 0.50, p = 0.001, PERMANOVA F = 3.69, p = 0.0002).
DISCUSSION
Bacteria in corals are described as species-specific communities that vary across
space and time (Rohwer et al., 2002, Koren & Rosenberg, 2006, Daniels et al., 2011).
Previous work on coral-associated bacteria have examined comparisons of different coral
species (Ducklow & Mitchell, 1979, Ritchie & Smith, 1997, Rohwer et al., 2002), reefs
sites within a region (Bourne & Munn, 2005, Guppy & Bythell, 2006, Kvennefors et al.,
2010), and changes in a coral‟s bacterial community structure due to a deterioration in
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environmental conditions or disease (Ritchie et al., 1994, Frias-Lopez et al., 2002,
Bourne & Munn, 2005, Ritchie, 2006, Klaus et al., 2007, Dinsdale et al., 2008). We
opted to focus our investigation on healthy, adult specimens from a single species,
Pocillopora damicornis, a scleractinian coral that is widely distributed across the Pacific
Ocean. Individuals of this species vary on multiple levels, including genotype,
reproductive modes, and choice of zooxanthellae clade. The Eastern Tropical Pacific
populations (Saboga and Taboga, PAN) are reproductively isolated from the other
Indo-Pacific populations. Although the number of P. damicornis genotypes is currently
being debated (Combosch & Vollmer, 2011, Pinzon & LaJeunesse, 2011), both studies
confirm coral populations structure according to geographic location (i.e., different coral
genotypes every 10m). This is quite interesting, because if we look on microbial scales,
the results of this bacterial community survey also correspond with location (Fig. 6A).
The P. damicornis ARISA profile data concur with trends observed in Acropora spp. and
other coral species on the Great Barrier Reef, where other bacterial profiling approaches
have demonstrated clustering by location (Littman et al., 2009, Kvennefors et al., 2010).
Dominant OTUs appear to drive differences among location, with each location
dominated by a different set of OTUs, which concurs with 16S clone library analysis of
three Acropora species (Littman et al., 2009).The fact that location appears to explain
community variation in multiple coral species suggests that environmental conditions are
a key factor in structuring bacterial communities. Reef site was also a factor in bacterial
community composition. Although not as strongly as location (as indicated by a lower
PERMANOVA F value), Fig. 6A supports this notion, as each site within a location
exhibited some differentiation from one another. An example of this is illustrated by the
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separation of reef sites within the Panama location, where a majority of the Taboga site
samples grouped with each other, while the Saboga samples formed their own cluster
(Fig. 2A). Given the small scale variation of P. damicornis coral populations
(LaJeunesse et al., 2010, Combosch & Vollmer, 2011) and the profiling survey in this
study, it is likely that both coral genotype and local environmental conditions at various
reef sites are likely to contribute to site-specific signatures in the bacterial communities.
Variation in a number of attributes at each location (water temperature, light, depth,
sedimentation, air exposure, nutrients, etc.) could also impact the P. damicornis bacterial
community. In addition to these factors, depth is another factor that can influence the
zooxanthellae clade (Toller et al., 2001) and bacterial communities (Klaus et al., 2007),
and could also explain intra-site variation. For instance, the Lizard Island samples (Fig.
2B) do not exhibit tight clustering as compared to Taboga, potentially because the
Lizard Island samples were collected from different areas around the island and at
different depths.
Although Symbiodinium is an integral component of the coral holobiont, ARISA
profiles in this study reveal a low correlation between the bacterial community and
zooxanthellae clade (Figs. 2B, 2C). Functional roles of bacteria and zooxanthellae in
the coral holobiont confer direct benefits for the host. Symbiodinium harvests light energy
for conversion to photosynthate that corals can take up (Muscatine & Cernichiari, 1969)
and use for mucus production to provide a desirable surface for bacterial colonization.
The results of this study suggest that the presence of a specific zooxanthellae clade is not
a major factor in determining which bacterial taxa are present in the mucus layer of
healthy adult corals. Clade specificity does seems to play a role in structuring bacteria on
juvenile corals under temperature stress, where laboratory experiments concluded that
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clade D samples contained higher Vibrio abundances than clade C (Littman et al., 2009).
Adult coral bacterial communities tend to be relatively stable in some species (Klaus et
al., 2005, Littman et al., 2009), and changes in the bacterial community can precede a
bleaching event (Bourne et al., 2008), which suggests the bacteria are strongly influenced
by deterioration of normal environmental regimes. Different bacterial signatures (high
ANOSIM R values) are illustrated in Fig. 3, when comparing ARISA profiles from
bleaching vs non-bleaching years, and are consistent with precedent on bacterial
community shifts pre- and post-bleaching events (Ritchie, 2006, Bourne et al., 2008).
Overall, bacterial communities grouped based on biogeographic location, with dominant
OTUs contributing to much of the variation observed. Our data suggest that members of
the P. damicornis bacterial communities are taxonomically “different” at each location
across the Pacific Ocean. Bacterial acquisition is known in Pocillopora meandrina at
early developmental stages (Apprill et al., 2009); however, mechanisms have not been
described on how community structure is maintained in Pocillopora adult specimens.
Some caveats must be considered from the archived P. damicornis samples
analyzed in this study. Samples were collected on different dates (Table 1). Bacterial
communities associated with corals are distinct from the water column bacteria
(Rohwer et al., 2001), and controls are typically run to rule out any possibility of
contamination from the surrounding water; however, this was not possible with the given
archived sample set, because water samples were not available since the samples were
not originally collected for microbiological work. Given that tissue slurries were used,
rather than mucus, which tends to be more similar to water samples (Bourne & Munn,
2005), we are reasonably confident that the bacterial communities represent coralassociated bacteria. Furthermore, the average number of OTUs (30) detected for the
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healthy P. damicornis samples is comparable to totals found in other coral species using
ARISA (Schottner et al., 2009, Daniels et al., 2011).
Conclusions and Future Directions
P. damicornis is an important, trans-Pacific coral species that can serve as an
excellent model system for studying the factors driving bacterial community structure.
Based on this study, the zooxanthellae clade does not appear to influence bacterial
community structure. The correlation between geographic sampling location and
bacterial community suggests that genetic variation in the coral population and local
environmental conditions impact bacterial community structure. Future studies should
attempt to differentiate between genetic versus environmental effects (e.g., through
transplantation experiments), and determine whether bacterial taxa in P. damicornis from
different locations are functionally similar.
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Table 1- Pocillopora damicornis sample information list. The Panama location contained
samples that were either Symbiodinium clade C or clade D dominated.* refers to
the number of samples collected during bleaching years.
Sample
Location

Reef
Site

GPS
coordinates

# of
samples

Clade
Present

Panama

Taboga

35

C or D

Panama

Saboga

7

C or D

Hawaii

1

Kenya

Magic
Island
Kaneohe
Bay
Lizard
Island
Vipingo

Kenya

Kanamai

Kenya

Diani

8.788N,
79.55W
8.617N,
79.066W
21.28N,
157.846W
21.44N,
157.76W
14.66S,
145.46E
3.799S,
39.836E
3.921S,
39.789E
4.352S,
39. 578E

Hawaii
Australia

C

#
samples
per clade
type
C (15)
D (20)
C (4)
D (3)
1

Mar 2004,
Mar 2005
Oct-2004

3

C

3

Oct-2004

6

C

6

Aug-2007

2 ,4*

D

6

2 ,7*

D

9

2 ,5*

D

7

1997,1998*
Apr-2004
1997,1998*
Apr-2004
1997,1998*
Apr-2004

27

MonthYear
collected
Feb 2009

Figure 1- Map of Pocillopora damicornis sample locations
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Figure 2- A) MDS plot of P. damicornis bacterial profiles show differences between
reef sites within a location. n refers to number of samples.
B) ARISA profiles of P. damicornis bacteria show no correlation to samples
with zooxanthellae clade (in parenthesis after location name in figure key).
Triangles represent clade C-dominated samples, while squares symbolize
clade D-dominated samples, and each color represents a sample location.
N refers to number of samples.
C) ARISA profile comparisons of all Panama samples illustrates grouping by
site, rather than clade. Triangles represent clade-dominated samples, while
squares symbolize clade D- dominated samples. Each color represents a
sample location, while n refers to number of samples.

Figure 3 – ARISA profile comparisons of Kenya samples reveal separation between
samples taken during bleaching (1997 and 1998) and non-bleaching years
(2000). Crosses represent bleaching year samples, while diamonds
symbolize samples taken during a non-bleaching year. Each color
represents a sample, n= number of samples.
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CHAPTER 4: BACTERIAL ASSOCIATES OF CTENOPHORES

INTRODUCTION
Ctenophores are gelatinous zooplankton that are ubiquitous throughout the world‟s
oceans. Although they are often mistaken for jellyfish, ctenophores comprise a phylum of
their own, and a recent reorganization within the animal tree of life places ctenophores as
the earliest-diverging extant form of multicellular animals (Dunn et al., 2008). Composed
of >95% water (Bailey et al., 1995, Scolardi et al., 2006), these carnivorous animals glide
through the oceans via ciliary action and/or currents (Mills & Haddock, 2007). Their
position in the oceanic food web was initially thought to be an ecological dead end due to
their low biomass content (Vinogradov et al., 1992, Dumont et al., 2004), but reports
have shown that ctenophores can be consumed by various fish, turtles, jellyfish, and even
other ctenophores (Arai, 2005).
Recent work has demonstrated that the overall effect of gelatinous organisms such
as ctenophores is to generate dissolved organic carbon (DOC) that promotes microbial
respiration, further fueling the microbial loop rather than being incorporated into biomass
which can be transferred up the food chain (Condon et al., 2011). Due the effects of
global climate change and the exploitation of global fish stocks, ctenophore blooms have
increased in number and intensity, and researchers suggest that these gelatinous animals
may replace top predators in the world‟s oceans (Richardson et al., 2009). This scenario
is especially problematic for fisheries, as ctenophores consume pelagic fish eggs and
larvae (Purcell & Arai, 2001), outcompete fish under low oxygen conditions (Decker et
al., 2004, Seibel & Drazen, 2007), and can be introduced by ballast water as invasive
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species (Ivanov et al., 2000, Oguz et al., 2008). It has been hypothesized that ctenophores
and jellyfish can serve as vectors for fish pathogens (Purcell & Arai, 2001), and recent
findings revealed that bacteria associated with jellyfish served as the source of secondary
infections in farmed salmon (Ferguson et al., 2010, Delannoy et al., 2011). Such a
compounding set of factors puts ctenophores in a unique position to severely alter marine
food webs (Lynam et al., 2006) as anthropogenic eutrophication of coastal waters
promotes increasing numbers of dead zones (Diaz & Rosenberg, 2008) and the number of
blooms continues to increase globally (Richardson et al., 2009).
Studies characterizing the bacteria associated with marine invertebrates have
largely focused on benthic organisms such as corals, sponges, and hydrothermal vent
worms. These aforementioned animals all contain microbiota that are distinct from the
water they inhabit, with these bacteria playing critical roles for host ecology. Corals and
sponges contain diverse, often species-specific bacterial communities that fill niches to
support functional roles involving carbon, nitrogen, and sulfur cycling, as well as
protection from potential pathogens (Webster et al., 2001, Hentschel et al., 2002, Rohwer
et al., 2002, Ritchie & Smith, 2004, Ritchie, 2006, Taylor et al., 2007, Wegley et al.,
2007). Conversely, other marine invertebrates harbor specific microbiota that are
constrained to a limited number of bacterial groups. For example, specific
chemosynthetic bacterial symbionts allow the annelids Riftia pachyptila and Alvinella
pompejana to thrive in the extreme environments near hydrothermal vents (Cavanaugh et
al., 1981, Haddad et al., 1995). In pelagic invertebrates, the best-studied bacterial
symbiosis is the Hawaiian bobtail squid Euprymna scolopes, whose light organ is
colonized exclusively by Vibrio fischeri (Nyholm & McFall-Ngai, 2004). Whether the
microbiota is extremely specific (such as in the squid-Vibrio system) or a diverse
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community as seen in corals and sponges, it is clear that bacterial associates play crucial
roles in the ecology of marine invertebrates.
Although ctenophores are known to be parasitized by a variety of eukaryotes
including amoebae, dinoflagellates, and sea anemones (Moss et al., 2001, Hay, 2006,
Reitzel et al., 2007, Smith et al., 2007), no published studies have described the bacterial
communities associated with ctenophores. Given their potential impact on fisheries, ease
of movement across the oceans, and the fact that environmental conditions are changing
to favor their persistence, it is vital to determine if ctenophores contain specific
microbial communities. This study examines the bacterial communities associated with
two ctenophore genera: Mnemiopsis leidyi, a lobate ctenophore widely distributed
throughout the Gulf of Mexico, Caribbean, and along the eastern coasts of North and
South America (Purcell et al., 2001), and its natural predator, Beroe ovata. The aims of
this study are to determine if bacterial communities associated with ctenophores are
distinct from those in the surrounding water column, compare microbiota between the
two ctenophore genera collected simultaneously, and examine the temporal variability in
ctenophore-associated bacterial communities.
MATERIALS & METHODS.
Sample collection. Ctenophore specimens (ranging in size from 2-30 ml total volume)
were carefully collected from Tampa Bay using a dip net off the Bayboro Harbor seawall
in St. Petersburg, Florida, USA (27.76N, 82.63W). Ctenophores were immediately placed
into sterile (100 kD-filtered) seawater baths to remove loosely-associated microbes. To
allow the ctenophores sufficient time to clear their guts, ctenophores were incubated in
the sterile seawater baths for four hours, with complete water changes performed every
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hour. Specimens were subsequently given a final rinse with sterile seawater, flash-frozen
with liquid nitrogen, and stored at -80°C. A bulk seawater sample (1 l) collected at the
same time was filtered onto a 0.2 µm Sterivex filter (Millipore, Billerica, Massachusetts)
to obtain bacteria from the water column for comparison to ctenophore-associated
bacteria.
DNA extraction. Individual whole ctenophore specimens were defrosted and then
pelleted by centrifugation at 2000 x g for 30 minutes at 4°C. The supernatant was
discarded and 1 ml of the ctenophore pellet was transferred to a clean microcentrifuge
tube. The Sterivex filter containing the water column bacteria was removed from its
housing, cut with a sterile scalpel from its internal spool, and placed into a separate
microcentrifuge tube with sterile forceps. DNA was extracted from ctenophore samples
and Sterivex filters using the All Prep DNA/RNA kit (Qiagen, Valencia, CA), according
to the manufacturer‟s instructions, with an additional 1 min spin prior to elution into 50µl
of PCR grade water. DNA was stored at -20°C until further processing.
Species confirmation of ctenophore specimens. Visual identification of ctenophores
can be difficult given the resemblance of many groups and fragility of their tissues. A
molecular phylogenetic approach has been established for the Phylum Ctenophora (Podar
et al., 2001), and others have since advocated the importance of combining
morphological data with DNA-based identification (Gorokhova et al., 2009, McManus &
Katz, 2009). Universal eukaryotic primers 18S-F (5‟ - ACCTGGTTGATCCTGCCA - 3‟)
and 18S-R (5‟ - TGATCCTTCYGCAGGTTCAC - 3‟) were used to amplify ctenophore
18S rDNA genes to confirm visual species identifications (Medlin et al., 1988, Podar et
al., 2001). PCR reactions (50 µl volume) contained final concentrations of 1 µM for each
primer, 10 mg ml-1 bovine serum albumin (ThermoFisher, Waltham, MA), 0.2 mM Apex
dNTPs , 1X Apex Taq Buffer, 2.5 U Apex Taq polymerase (Genesee Scientific, San
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Diego, CA), and 5 µl of DNA template. PCR conditions were adjusted from Medlin et al.
(1988) with denaturation at 94°C for 5 min, thirty cycles of [94°C for 1 min, 55°C for 2
min, 72°C for 3 min], and a final extension at 72°C for 10 min. The 18S PCR products
were cleaned with the UltraClean PCR Kit (MO-BIO, Carlsbad, CA), sequenced bidirectionally, trimmed in Sequencher (Gene Codes, Ann Arbor, MI), assembled in
SeqMan (Lasergene, Madison, WI), and a BLASTN (Altschul et al., 1990) query against
the GenBank non-redundant database confirmed the identity of both Mnemiopsis ledyi
and Beroe ovata (99% identity, Genbank accession numbers: JN653094, JN653095).
Bacterial clone library construction and sequencing.
16S rDNA clone libraries were constructed and sequenced to analyze the composition of
the bacterial communities associated with selected ctenophore specimens and compare
the ctenophore-associated bacteria to those in the surrounding water column. PCR
mixtures (50 µl total volume) contained 5 µl template DNA for each ctenophore or water
sample, and final concentrations of 1 µM of each primer (27F: 5‟ – AGAGTTTGATCM
TGGCTCAG – 3‟ and 1492R: 5‟ – TACGGYTACCTTGTTACGACTT - 3‟) (Lane,
1991), 1.5 mM MgCl2, 0.2 mM dNTPs, 1 U Apex Red Taq, and 1X Apex Red Taq
Buffer (Genesee Scientific). Touchdown PCR was performed by denaturation at 95°C for
5 min, followed by thirty cycles of [94°C for 1 min, 65°C (-0.5°C each cycle) for 1 min,
72°C for 3 min], and a final extension at 72°C for 10 min. Amplicons were confirmed on
a 1% agarose gel containing ethidium bromide. TOPO TA cloning (Invitrogen, Carlsbad,
CA) was used to ligate PCR products into the PCR4-TOPO vector, which was
transformed into chemically competent E. coli, and grown on LB-AMP (50 µg ml-1)
plates containing 20 mg ml-1 X-Gal (Genesee, San Diego, CA). Clones were
subsequently screened by PCR with M13 primers to confirm inserts and then sequenced
by Beckman Genomics (Danvers, MA). Clone library dereplication and diversity index
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values were obtained with FastGroupII (Yu et al., 2006). Each clone library was analyzed
separately based on 97% similarity with gaps, which considers single base insertions or
deletions that might occur during sequencing. Dereplicated sequences were queried by
BLASTN (Altschul et al., 1990) and the CLASSIFIER module in the Ribosomal
Database Project (RDP) was used to provide robust taxonomic identifications of the
bacterial 16S rDNA sequences (Cole et al., 2009). Sequences were subsequently
deposited in NBCI‟s GenBank database (JN653096-JN653276).
Bacterial community profiling (T-RFLP). Terminal Restriction Fragment Length
Polymorphism (T-RFLP) is a DNA community profiling technique that has been used to
characterize microbial communities from a wide range of environments (Liu et al., 1997,
Schutte et al., 2008). T-RFLP was selected for this study based on its reproducibility,
ability to discriminate taxa in mixed communities, and the availability of robust
databases. The PCR reaction composition was identical to that used for 16S sequencing,
except that the 16S rDNA primers were each labeled with different fluorophores (27FTAM and 1492-HEX). PCR conditions consisted of initial denaturation at 94 °C for 3
min, thirty cycles of [94°C for 1 min, 55°C for 1 min, 72°C for 3 min], and a final
extension at 72°C for 10 min (Danovaro et al., 2006). Products were pooled from
triplicate reactions performed on each sample and cleaned using the DNA
Cleaner/Concentrator Kit -5 (Zymo Research, Irvine, CA). Cleaned PCR products from
each ctenophore and water sample were digested in three separate 20 µl reactions
containing 10 U of either HhaI, HaeIII, MspI for each fluorophore (New England
BioLabs, Ipswitch, MA) for 3 h at 37°C, followed by incubation at 65°C for 20 min to
stop the digest. Digests were cleaned with the Zymo DNA Cleaner/Concentrator Kit -5,
quantified with Pico Green (Invitrogen), and normalized to 5 ng µl-1. Capillary runs on a
DNA 3730xl genetic analyzer (Applied Biosystems, Foster City, CA) at the University of
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Illinois Urbana-Champaign Core Facility separated fragments by size (operational
taxonomic units; OTUs) and detected fluorescence values (relative abundance) for each
OTU in the community profiles. Instrument precision was validated by a series of control
runs that included samples ranging from a monoculture to complex bacterial communities
(Daniels et al., 2011).
Profile data analysis. The Local Southern algorithm (Southern, 1979) in Peakscanner v
1.0 software (Applied Biosystems) was used to confirm OTU sizes in the raw T-RFLP
profiles for each enzyme and fluorophore. Data were filtered to remove shoulder peaks
and only retain peaks > 5 times the baseline height (Schutte et al., 2008). An R script
binner (Ramette, 2009) was subsequently employed to place the T-RFLP data into 2 base
pair (bp) bins to account for instrument error (+/- 1 bp), and normalize the data to reflect
the percent contribution of each OTU (peak area) to the total profile fluorescence. Visual
confirmation of proper binning was performed prior to importing the binned T-RFLP
profiles into Microsoft Excel, and OTUs > 0.16% of the total fluorescence were retained
for downstream analysis (Danovaro et al., 2006, Luna et al., 2006).
Statistical tests were performed in PRIMER-E v.6.1 (Clarke, 1993) and MatLab v.
7.8 (MathWorks, Natick, MA) software packages to determine variation among sample
types and across time. Bray Curtis distances (Bray & Curtis, 1957), which reflect
similarity based on OTU composition and abundance, were calculated from square-root
transformed profile data. Similarity matrices were produced via pairwise sample
comparisons, and used to generate multidimensional (MDS) plots. Analysis of Similarity
(ANOSIM, ranks of distances) and Permutational Analysis of Variance (PERMANOVA,
means of distances, which is less prone to Type I errors) were performed to determine if
sample types were significantly different. Non-parametric dispersion analyses (NP-DISP)
were conducted (Anderson, 2006) to confirm that the T-RFLP data did not violate the
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PERMANOVA assumption of equal variances (Anderson, 2001). All statistical tests were
run with five thousand permutations, and a p-value < 0.05 was considered significant.
OTUs responsible for driving differences among samples or across time were identified
using the Similarity Percentages (SIMPER) module in PRIMER.
Linking clone libraries to T-RFLP profiles. To link T-RFLP OTUs to ctenophore
bacterial community 16S rDNA sequences, selected clones were sequenced bidirectionally with M13F/R to identify dominant bacterial ribotypes and those that
influenced community variation. Separate in silico digests of these sequences were
performed in Geneious (BioMatters) with the same enzymes used for T-RFLP.

RESULTS
Comparison of bacterial communities from ctenophores and the water column.
In March 2010, specimens from both M. leidyi (n=7) and its predator B. ovata (n=2) were
simultaneously collected along with a sample of the surrounding water for bacterial
community analyses. Significant differences were observed between T-RFLP profiles for
the ctenophores and water samples for all three enzymes employed (average ANOSIM R
= 0.91, p-value = 0.02; average PERMANOVA F = 4.81, p-value = 0.01, Fig. 4A). Bray
Curtis values revealed the bacterial community profile in the water was on average
71% dissimilar to the M. leidyi bacterial profiles and 86% dissimilar to the B. ovata
profiles. The presence of distinct bacterial communities in the ctenophores versus the
water column was confirmed by 16S rDNA sequencing, which revealed very few
sequences shared between the ctenophore and water column samples (Table 2). Fig.
4A further illustrates that the two ctenophore genera contained different bacterial
communities, with M. leidyi and B. ovata specimens clearly separated from each other,
regardless of the restriction enzyme chosen (average ANOSIM R = 0.94, p-value = 0.07;
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average PERMANOVA F = 6.3, p-value = 0.07). The M. leidyi bacterial profiles were on
average 82% dissimilar to the B. ovata profiles. In contrast to the distinct communities
observed in the two ctenophore genera, comparisons revealed that bacterial communities
from individual M. leidyi specimens were only 44% dissimilar to each other, and
bacterial communities from B. ovata specimens were 32% dissimilar to each other.
The average number of OTUs detected in the M. leidyi profiles was 16, while B.
ovata profiles contained 10 OTUs, and the water sample contained 30 OTUs. The lower
number of OTUs in the ctenophore T-RFLP profiles compared to the water column was
supported by results obtained from 16S rDNA sequencing of clone libraries. As measured
by the Shannon-Weiner Index, bacterial community diversity was lower in M. leidyi and
B.ovata specimens (H‟= 1.9 and H‟= 2.4, respectively) compared to the water column
sample (H‟= 3.8). Rarefaction analysis indicated that further sequencing is necessary to
capture the diversity in all samples (Fig. 4B).
Proteobacteria, a bacterial supergroup composed of many taxa with diverse
metabolisms dominated all 16S libraries regardless of sample type, making up 55% 80% of the clones (Fig. 4C). Alphaproteobacteria and Gammaproteobacteria represent a
majority of the clones, and Bacteroidetes was the third largest group detected (Table 2).
Further resolution of the Alphaproteobacteria revealed that the water column contained
the Order Rickettsiales and Rhodobacterales (Table A-2), while the ctenophores
primarily consisted of the Order Rhodospirillaes (Table 2). An uncultured Marinomonas
sp. (Gammaproteobacteria belonging to the Oceanospirillales) dominated the M. leidyi
library (52% of sequences), which was not detected in the water column or the B. ovata
specimen. When linked to T-RFLP profiles through in silico digests of clones, the
Marinomonas OTU was responsible for 9% of the variation between the M. leidyi and
water profiles. The B. ovata sample was dominated by an uncultured Alphaproteobacteria
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from the Rhodospirillaceae family, which accounted for 24% of clones in the library.
Interestingly, a sequence 98% identical to Tenacibaculum aiptasiae a5, which was
previously isolated from diseased sea anemones (Wang et al., 2008), accounted for the
second highest number of clones (21%) in the B. ovata sample, and was exclusive to this
ctenophore. Both ctenophore libraries contained sequences similar to cultured
representatives of the Alphaproteobacteria capable of hydrocarbon degradation
(Thalassospira and/or Alcanivorax). In addition, the M. leidyi library also contained
sequences similar to Nisaea (Table 2), a bacterial genus known to be involved in
nitrogen metabolism (Urios et al., 2008).
Temporal variation of ctenophore-associated bacteria. Due to the episodic nature of
ctenophore blooms, March 2010 was the only time point at which M. leidyi and B. ovata
were found simultaneously, allowing for direct comparison between the two genera.
However, to expand our understanding of ctenophore-associated bacterial communities,
specimens of M. leidyi were collected at six time points (April 2009, February 2010,
March 2010, June 2010, August 2010, April 2011) and B. ovata were collected at three
time points (March 2010, May 2010, October 2010). Despite high levels of variability in
the M. leidyi bacterial communities over time, these ctenophores always contained a
microbiota distinct from that of the water column (Fig. 5A). Consistent bacterial taxa
were not found across all M. leidyi temporal samples, however most T-RFLP profiles
from specimens collected in a specific month grouped with others from the same time
point (average ANOSIM R =0.69, p-value < 0.001; average PERMANOVA F = 12.5, pvalue < 0.001, Fig. 5A). The M. leidyi specimens collected closest to each other in time
(i.e., February/March 2010 and June/August 2010) had the most similar bacterial
communities, while samples collected further apart had more dissimilar bacterial
communities (Fig. 5A). For example, the M. leidyi February 2010 vs March 2010
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bacterial communities produced an average ANOSIM R of 0.28, while February 2010
vs June 2010 comparisons yielded an average ANOSIM R value of 0.85. Although B.
ovata samples from May and October 2010 collections consistently clustered together
(low R value) and displayed greater overlap in bacterial community profiles than other
comparisons (Figure 5B), no temporal trends could be inferred with the given sample
size.
16S rDNA sequencing of representative individual M. leidyi specimens over time
verified the temporal variability observed from the T-RFLP profiles (Fig. 6A).
Although Proteobacteria consistently represented >55% of the bacterial community,
much variation in the types of Proteobacteria was observed between months. For
example, Gammaproteobacteria dominated the M. leidyi bacterial community in March
2010, whereas this group was only a minor component of the community in June 2010. In
addition, Epsilonproteobacteria made up 18% of the bacterial community associated with
M. leidyi in April 2009, but were not detected at any other time points. Other portions of
the bacterial community also displayed temporal variation, such as the Bacteroidetes,
which comprised 43% of the sequences in February 2010 but were not recovered in April
2009. Representatives from the Mollicutes group were present in half the time points
(April 2009, June 2010, August 2010 libraries).
Although the majority of M. leidyi sequences were most similar to bacteria
previously identified in seawater, temporal 16S libraries contained many bacteria closely
related to sequences previously described in various marine invertebrates, including
corals (healthy and diseased), sponges, anemones, and bivalves (Fig. 6B). Bacteria
with order- to species-level identity to sequences previously described from Acropora,
Montastraea, and Gorgonia corals were found at multiple points, peaking at 16% of the
sequences in June 2010. Sponge-associated sequences (<10% of clones) were found in
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most libraries, except February 2009 and February 2010, and were similar to bacteria
previously described from Cymbastela, Gelloides, or Tethys spp. (Table A-3).
Gammaproteobacteria made up 34% of the August 2010 M.leidyi library (Fig. 10A),
and the majority of these sequences were 97-99% identical to Phacoides pectinaus
(bivalve) gill symbionts (Fig. 6B). A minor portion of the August 2010 library
contained clones with 98% identity to Gammaproteobacteria from the Pacific starfish,
Asterias amurensis (Table A-3). Sequences related to intestinal bacteria and a parasite
from various bivalves constituted 5% of clones in the April 2011 library (Fig. 6B).
Furthermore, all Betaproteobacteria clones (18%) from this same library were similar to
Polynucleobacter sp., which have previously only been reported in freshwater
environments (Jezbera et al., 2011) and were also detected in June 2010 (Fig. 6B).

DISCUSSION
Although microbial communities have been characterized in several marine
invertebrates, this is the first known study to describe bacteria associated with
representatives from Phylum Ctenophora. The high ANOSIM R values based on T-RFLP
profiles indicate little to no overlap (Ramette, 2007) among bacterial communities
between the ctenophores and water, and also between the ctenophore genera. Given that
these gelatinous animals are composed primarily of water, it is striking that tissue
samples of Mnemiopsis leidyi and Beroe ovata collected simultaneously contained
bacterial communities different from the water column (71% dissimilar), and distinct
from each other (Fig. 4A). The ANOSIM and PERMANOVA p-values for both taxa
were slightly greater than the significance cutoff; however, this is a function of sample
size (only two Beroe specimens were obtained during the March 2010 collection).
Ctenophore samples contained fewer bacterial OTUs by T-RFLP and lower diversity
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communities by 16S rDNA sequencing, when compared to the water column. The low
diversity of the ctenophore-associated bacterial communities is different than the trend
previously observed in corals and sponges, where bacterial diversity is typically higher
than that observed in the surrounding water column (Rohwer et al., 2002, Taylor et al.,
2007, Webster et al., 2009, Lee et al., 2011).
Ctenophore and water libraries were dominated by sequences similar to
uncultured Alphaproteobacteria, Gammaproteobacteria, and Bacteroidetes (Fig. 4C).
Unlike the water samples, which were primarily composed of free-living bacteria from
the Ricksettsiales (specifically Pelagibacter) and Rhodobacterales orders (Supp. Table
1), a majority of the Alphaproteobacteria in the M. leidyi and B. ovata samples from
March 2010 were from the Order Rhodospirillales (Table 2), which are the purple
non-sulfur, photosynthetic bacteria (Kersters et al., 2006, Gupta & Mok, 2007). These
bacteria might be involved in carbon cycling for ctenophores, to provide an additional
source of fixed carbon to the animal, especially when prey items are scarce.In addition,
the detection of clones 99% identical to Thalassospira spp. in both M. leidyi and B. ovata
samples from March 2010, suggests a potential role for bacteria capable of chemotaxis to
inorganic phosphate in ctenophores (Hutz et al., 2011).
Interestingly, sequences similar to bacteria described from other marine
invertebrates were present in both M. leidyi and B. ovata samples. Marinomonas sp.
accounted for just over half of the clones in the M. leidyi 16S library from March 2010,
and have previously been described in corals and sponges (Cassler et al., 2008,
Thompson et al., 2011). Marinomonas contain genes for the breakdown of
dimethylsulfoniopropionate (DMSP), suggesting a functional role in the biogeochemical
cycling of sulfur (Todd et al., 2007, Johnston et al., 2008). Mycoplasma and Spiroplasma
sp., representatives from the Mollicutes class, appeared only in the ctenophore libraries
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(Table 2), yet did not dominate. These bacteria are known to parasitize animal and plant
tissues to obtain nutrition and compensate for their reduced genome size (Rottem, 2003,
Pitcher & Nicholas, 2005). Mycoplasma sp. have previously been reported in deep water
corals (Penn et al., 2006, Kellogg et al., 2009, Neulinger et al., 2009), and the sequences
identified in the ctenophores in this study were 98% identical to Mycoplasma sp. from M.
leidyi specimens collected from the Baltic Sea (S. Hammann, unpublished), suggesting
that there may be a consistent association of this bacterial genus with M. leidyi. A large
component of the B. ovata 16S rDNA library was 99% identical to Tenacibaculum
aiptasiae a5, a member of the Bacteroidetes that was previously isolated from diseased
sea anemones (Wang et al., 2008). Ctenophores are known to harbor eukaryotic parasites,
and are used as a refuge by other animals (Gasca et al., 2007); however, this study is the
first evidence of a ctenophore potentially serving as a vector for pathogenic bacteria. The
genus Tenacibaculum also contains other pathogenic species that have been detected on
jellyfish and implicated in fish gill disease (Ferguson et al., 2010, Delannoy et al., 2011).
Clones related to the freshwater restricted Betaproteobacteria genus, Polynucleobacter
sp., were found in the June and August 2010 M. leidyi libraries, and may be indicative of
a freshwater input into Bayboro Harbor, where these ctenophores were collected.
Although the ctenophores in this study always contained bacterial communities
that were distinct from the surrounding water column, the ctenophore-associated bacterial
community varied significantly over time (Figs. 5-6B). This type of community flux
has been described by Littman et al. (2009) in juvenile acroporid corals; however, adult
corals and most sponges ultimately contain conserved bacterial communities (Hentschel
et al., 2006, Taylor et al., 2007, Webster et al., 2008, Littman et al., 2009). Unlike these
sessile invertebrates, the ctenophores analyzed in this study are pelagic animals, and the
changing bacterial community may represent a lifestyle strategy to take advantage of the
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bacteria available at any given time, rather than spending resources for maintenance and
protection of a stable consortia. Although the individual community members (i.e., OTUs
or ribotypes) varied over time, it is possible that the different bacterial communities
always contain members that fulfill a given set of metabolic functions for the ctenophore.
The distribution of M. leidyi populations is tied to temperature and food availability, and
their life span is on the order of months (Ghabooli et al., 2011, Shiganova & Dumont,
2011), therefore it is likely that several distinct populations were sampled during this
study. If the bacterial communities are dependent on factors in early life stages (e.g., the
bacterial community present in the water column at the time of initial colonization),
different ctenophore populations may explain the temporal variation in the bacterial
communities. Alternatively, the bacterial community associated with individual
ctenophores may change over time. If this is the case, then perhaps food availability or
the composition of the surrounding bacterial community in the water may influence the
selection of ctenophore bacterial associates.
Condon et al. (2011) recently demonstrated that the release of dissolved organic
matter by jellyfish could alter food web dynamics and restructure planktonic microbial
communities, and ctenophores are known to adversely impact marine food webs (Purcell
et al., 2001, Oguz et al., 2008). The apparent increase in frequency and intensity of
ctenophore blooms, combined with recent invasions of ctenophores into new areas,
enforces the need for a detailed study of factors influencing ctenophore ecology. This is
the first report of distinct and dynamic bacterial communities associated with
ctenophores, suggesting that these microbial consortia may play important roles in
ctenophore biology. Although the 16S rDNA data in this study provide some clues on the
potential metabolic capability of ctenophore bacteria, future work needs to be performed
in order to elucidate the functional roles of microbes associated with ctenophores (e.g.,
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through a metagenomic survey). Based on the temporal variability documented in this
study, future work should also address the initial acquisition of bacteria by ctenophores,
as well as examine variation in the bacterial community structure across developmental
stages.
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Table 2- Bacterial clones from one Mnemiopsis leidyi and one Beroe ovata specimen
collected during the same sampling effort in March 2010. N represents the
number of 16S rDNA clones in each library, and * refers to clones related to
Thalassospira spp.
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Figure 4 A) Multidimensional scaling plots (MDS) comparing T-RFLP profiles of bacterial communities

B)
C)

sampled from individual Mnemiopsis leidyi (n = 7), Beroe ovata (n = 2), and a water sample
acquired during a single collection in March 2010. Three separate enzymes (HaeIII, MspI,
HhaI) and two different fluorophores (only TAM is shown here) were used to compare
bacterial communities.
A rarefaction analysis indicates that further sequencing effort is likely to capture unique OTUs
in each sample.
Bacterial (16S) rDNA clone survey for March 2010 ctenophore and water samples. n = refers
to the number of representative sequences for each library.
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Figure 5 - Temporal T-RFLP MDS results for M. leidyi (A) and B. ovata (B) bacterial
communities. ANOSIM values reflect comparison of profile data across months.
ANOSIM matrix containing average R values for the ctenophore temporal T-RFLP
profiles. Dark grey shading represents p-values <.01, while light grey shading refers to
p-values < .05.
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Figure 6A- Mnemiopsis leidyi 16S rDNA clone libraries across time. n refers to the
number of representative sequences for each library (* represents 3 separate
ctenophores, ~ represent 2 ctenophores), while all other time points used a
single specimen to generate each clone library.
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Figure 6B- Isolation source of GenBank hits most closely related to temporal M. leidyi
M. leidyi 16S rDNA clones. n refers to the number of representative
sequences for each library (* represents 3 separate ctenophores, ~ represent
2 ctenophores), while all other time points used a single specimen to
generate each clone library.

51

CHAPTER 5: CONCLUSIONS
Years of research with a combination of culture-based and molecular techniques
have discovered that bacterial communities in the ocean‟s water column are very
different (in genotype and metabolism) from consortia attached to particles or
microorganisms associated with hosts (Ritchie & Smith, 1995, Rohwer et al., 2001,
Taylor et al., 2007). In marine invertebrates, many bacterial symbioses have been
described that play a vital role(s) in host ecology. Composition of these host-associated
communities can range from a single bacterial species or group to a diverse consortium.
Scleractinian corals owe their survival in oligotrophic environments to a mutualism with
a number of integral players, including a diverse bacterial community that is contained
within the mucus layer. This well-studied example of symbiosis, termed a holobiont,
relies on bacteria to assist the coral in nutrient cycling (C,N,S) and protection from
opportunistic pathogens. However, no study currently exists in the literature on
bacterial associations in ctenophores. Most of these gelatinous animals are pelagic, and it
is unknown if they contain symbionts. Culture and molecular methods were applied to
capture snapshots of the bacterial community structure associated with these different
marine invertebrates. The overall theme of this dissertation was to explore the spatial
structure and variation in scleractinian corals and determine if ctenophores contain a
unique bacterial community.
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Spatial structure of bacterial communities
The goal of this first project was to describe the bacterial community in
Montastraea annularis mucus taken in multiple point samples (cm apart) across colonies
to understand the spatial structure of microbial communities within individual colonies.
Community composition was examined on two different scales: 1) the total community,
to consider „all‟ bacterial taxa present and 2) the Vibrio community, which dominates the
total community under stress conditions (Ritchie & Smith, 2004, Bourne & Munn, 2005).
Total bacterial community profiles of the M. annularis mucus samples contained
their own distinct bacterial signatures, when compared to a sample from the surrounding
water. ARISA profiles of mucus samples from the same M. annularis colony were more
similar to each other than to those from another colony; however, samples taken
centimeters apart were not identical. The spot-to-spot microscale variation observed in
the M. annularis total bacterial community within an individual coral colony has major
implications for restoration efforts that utilize fragments from whole colonies in
aquaculture to transplant onto in situ reefs. A slightly different bacterial community
baseline for each fragment makes it extremely difficult to monitor community changes.
However, there is a fraction of the total community (8 out of 47 total OTUs) conserved
across every healthy coral fragment, which may enable development of a baseline proxy
for condition. The microscale variation documented in this study also has implications for
the sampling design of coral microbiology studies. If a single point sample of mucus is
taken to represent an entire colony, there is the possibility of missing bacterial taxa that
may be integral to the community. Pooling of mucus samples taken from various
locations on a coral colony is suggested, which would integrate across the entire colony
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and address this bias.
Culture work revealed as much as 100-fold variation in Vibrio abundances
between individual sample locations on M. annularis, demonstrating that using Vibrio
abundance as a proxy for health condition may be misleading. For example, if one sample
location contains a high number of Vibrios than another, does this mean that the sample
location with the higher abundance is compromised/diseased? More information would
be needed to confirm or deny this presumption, since higher abundances could be a
function of many factors, such as light, nutrients, sediments, fecal matter present from
other organisms, competition among bacteria, etc. Since grouping by colony was not
observed in the Vibrio fraction of the bacterial community and the coral mucus profiles
clustered with the water column profile, using Vibrio abundances or ARISA profiling
data fraction is not recommended to microbiologically assess the condition of corals.
Individual Vibrio spp. isolates produced multiple peaks in the ARISA profiles, which
indicated they can contain multiple copies of the gene, leading to an overestimation of
Vibrio diversity in the ARISA profiles. A suggestion around this methodological
limitation would be for future studies to perform Vibrio community assessments by Multi
Locus Sequence Typing (MLST). This molecular technique screens multiple
housekeeping genes to discriminate Vibrio strains (Li et al., 2009), and would better
resolve the Vibrio community to help determine if specific members of this community
fraction can be used to infer condition.
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Impact of sample location and zooxanthellae on bacterial community structure
Many studies have shown that abiotic or biotic factors can impact the abundance
and composition of bacterial communities in corals; however, little is known about
connections between the zooxanthellae and the bacteria contained within the mucus layer.
Zooxanthellae are integral components of the coral holobiont and generate the carbon that
the coral uses for growth, calcification, and to produce mucus (Brown & Bythell, 2005).
Bacteria are able to colonize this mucopolysaccharide layer for protection and transform
various nutrients into exploitable compounds for the host (Shashar et al., 1994, Ritchie &
Smith, 2004, Wegley et al., 2007). Studies of these two components of the coral
holobiont have either been investigated independently or examined in bleached/diseased
corals. In this the second project, we chose to focus efforts on healthy Pocillopora
damicornis coral specimens collected from various locations across the Pacific Ocean.
Bacterial community profiles of P. damicornis samples from one location were
more similar to those within the same location than to more distantly collected corals.
Some dispersion of samples was observed within some locations, however variation
among reef sites could explain this separation within location. Based on these results,
environmental factors at each location appear to play a strong role in driving the structure
of P. damicornis bacterial communities. No distinctive grouping of sample profiles by
zooxanthellae clade was observed, and the zooxanthellae clade had little correlation
(ANOSIM R =0.11, p-value= 0.002) to bacterial community composition. Statistical
analyses confirmed a large overlap of OTUs shared among many bacterial profiles,
regardless of zooxanthellae clade. This confirms that zooxanthellae clade does not play a
major role in structuring the P. damicornis bacterial community, which instead seems to
55

be more influenced by location.
Ctenophores contain a distinct bacterial community
Given the considerable decline of coastal ecosystems and the suggestion that
future oceans will be dominated by gelatinous organisms, ctenophores have the potential
to become dominant players in oceanic food webs. On ecosystem scales, they can
restructure zooplankton populations and impact commercial fisheries. Recently, it has
been determined that ctenophores also play a role in carbon redistribution that promotes
the growth of smaller, faster growing microorganisms. Evidence of the ctenophore DOM
production that drives heterotrophic microbial growth and shifts in the water column
bacterial composition (Condon et al., 2011) is analogous to the autotrophy-heterotrophy
shifts observed in impacted reef environments (Dinsdale et al., 2008), with both being
examples of how bacterial community shifts can impact the flow of carbon in the oceanic
food web. A second link that gelatinous animals have to microbes is that they can be
vectors for bacterial pathogens that infect other organisms, such as fish (Ferguson et al.,
2010, Delannoy et al., 2011). The third project is the first study to characterize bacterial
associates of ctenophores, and has the goal of determining if ctenophores contain their
own unique microflora.
Although ctenophores are composed of 95% water, both Mnemiopsis leidyi and
Beroe ovata samples contained bacterial communities distinct from each other, as well as
from the bacterial signatures in the water column. This suggests that either specific
bacteria are being selected for by a particular ctenophore genus, or that certain bacteria
selectively colonize the ctenophore. Although Alphaproteobacteria and
Gammaproteobacteria dominated bacterial groups present in M. leidyi and B. ovata
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bacterial community profiles, these groups contain various bacteria with high phenotypic
and metabolic diversity. Further analysis of clone libraries at finer taxonomic scales
supported the profiling findings and indicated that there are differences among the
ctenophore genera. The detection of Tenacibaculum aiptasiae a5, a bacterium isolated
from diseased anemones, in Beroe ovata tissues indicates that this particular ctenophore
may be a vector for pathogens. The landscape of ctenophore bacterial associates does not
fit the diverse, but conserved paradigm found in adult corals or sponges (Webster et al.,
2001, Hentschel et al., 2002, Rohwer et al., 2002, Webster et al., 2008, Littman et al.,
2009). The M. leidyi bacterial communities varied over time, contained fewer predicted
“species” than those in the water column, and didn‟t appear to contain specific taxa
associated with all ctenophores. Because an individual ctenophore could not be sampled
over time, the temporal variation observed in the M. leidyi communities might indicate
that separate populations were sampled. However, it is possible that the microbial
associates of ctenophores change over time to adapt to environmental conditions and that
a variable bacterial community may be in the best interest of this pelagic animal, in
contrast to some other marine invertebrates.
Summation
Elucidating spatial and temporal trends in bacterial communities associated with
marine invertebrates is vital to understanding the roles of bacteria in host ecology. Along
the diversity spectrum of bacterial community structure, the Euprymna scolopes-Vibrio
fischeri symbiosis is at one end, where the bobtail squid selects for and harbors a single
bacteria species to exploit its bioluminescence capability for avoiding predation. At the
opposite end of this diversity continuum are scleractinian corals, where their highly
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diverse (species-specific) bacterial consortium is conserved in healthy adults, and
fundamental to survival of this sessile holobiont. The pelagic ctenophores (Mnemiopsis
leidyi and Beroe ovata) are positioned between these two well studied systems, and
contain a low diversity community that is not conserved across time. In the lesser known
ctenophores, future studies are necessary to understand how this variable community is of
functional benefit to the host. Once the baseline knowledge of a host‟s bacterial
community structure is established across space and time, we can determine diversity,
functional roles, and identify taxa that are necessary for host survival. Furthermore, the
benefit of having a reference community composition in healthy specimens provides
comparative power to determine the impact of changing bacterial landscapes, which is
integral for understanding the ability of hosts to respond to and recover from diseases and
other perturbations.
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Table A-2- Bacterial 16S rDNA sequences from the water sample collected simultaneously during the
March 2010 ctenophore sampling effort. AN represents the GenBank accession number for
each clone representative. Each Fastgroup dereplicated sequence is described by nucleotide
level identity (%) to the top GenBank hit, corresponding RDP CLASSIFIER annotation, and
GenBank sample source information.
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Table A-3- Bacterial 16S rDNA sequences from April 2009 and February 2010, June 2010, August 2010,
and April 2011 M. leidyi samples. AN represents the GenBank accession number for each clone
representative. Each Fastgroup dereplicated sequence is described by nucleotide level identity
(%) to the top GenBank hit, corresponding RDP database annotation, and GenBank sample
source information.
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Table A-3 (continued)- Bacterial 16S rDNA sequences from April 2009 and February 2010, June 2010,
August 2010, and April 2011 M. leidyi samples. AN represents the GenBank accession number
for each clone representative. Each Fastgroup dereplicated sequence is described by nucleotide
level identity (%) to the top GenBank hit, corresponding RDP database annotation, and GenBank
sample source information.
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